Introduction
Autoantibodies play an important role in the pathogenesis of systemic lupus erythematosus (SLE) and are used for diagnosis and prognosis. Autoantibodies help clinicians cluster SLE patients to monitor for specific disease criteria. For example, epidemiologic studies have demonstrated the association between double-stranded DNA (dsDNA) antibodies and renal disease. [1] [2] [3] [4] These studies focused on clinical associations in patients with positive autoantibodies but have not examined comorbidities in patients that do not have these autoantibodies. Further, they have not evaluated the relative importance of SLE autoantibodies in ACR SLE criteria 5 or comorbidities.
The electronic health record (EHR) serves as an efficient tool to conduct clinical research. [6] [7] [8] EHRs provide longitudinal data on both ACR SLE disease criteria 5 and comorbidities, complementing cohort and administrative database studies. Phenome-wide association studies (PheWAS) are a validated tool to conduct meaningful EHRbased research. [9] [10] [11] [12] [13] Similar to a genome-wide association study scanning across a genome, PheWAS scans across billing codes in the EHR. PheWAS has uncovered novel genetic and phenotype associations in multiple autoimmune diseases including rheumatoid arthritis [14] [15] [16] and SLE. 17, 18 We used PheWAS to test for differences in comorbidities in SLE patients with and without autoantibodies, specifically to assess for comorbidities that might be overrepresented in SLE patients without autoantibodies. We also determined the relative importance of SLE autoantibodies in their association with SLE manifestations to examine if a hierarchy of autoantibodies exists.
Materials and methods

Study population
Approval was obtained from the Institutional Review Board of Vanderbilt University Medical Center (VUMC) (#141222). We identified potential SLE subjects in the Synthetic Derivative, a de-identified, mirror image of the EHR, which contains over 2.8 million subjects with longitudinal data spanning several decades. 19 The Synthetic Derivative contains all available information in the EHR including billing codes, demographics, inpatient and outpatient notes, laboratory values, radiology, pathology and medication orders. The Synthetic Derivative does not contain outside records. The Synthetic Derivative reflects the patient population seen at VUMC, which is composed equally of males and females and is predominantly Caucasian (81%). We identified potential SLE patients within the Synthetic Derivative using our previously published, internally validated algorithm of !4 counts of the SLE ICD-9 code (710.0) and a positive anti-nuclear antibody (ANA) with a titer of !1:160 while excluding ICD-9 codes for systemic sclerosis (710.1) and dermatomyositis (710.3). 20 This algorithm has a positive predictive value of 89% and a sensitivity of 86%.
Autoantibodies
Chart review was conducted by rheumatologists to determine autoantibody status (AB, CC). Autoantibody status was defined as positive if ever positive, and negative if there was at least one assay and all were negative. All autoantibodies were measured via enzyme-linked immunosorbent assays with manufacturer values to determine positivity. Only autoantibody testing performed at VUMC was included, as outside labs could not be confirmed.
Phenome-wide association studies and statistics
In PheWAS, approximately 18,000 ICD-9 codes are condensed into 1800 Phecodes that represent distinct clinical diagnoses. The Phecodes (version 1.2) and their corresponding ICD-9 codes are available at http://phewascatalog.org. To be a case, a subject has to have at least two counts of the Phecode on different days. A subject is a control if there are no counts of the ICD-9 code for that specific disease or related diseases. Subjects having one count of the code are excluded to reduce the possibility of coding errors or preliminary diagnoses that may be ultimately ruled out. 21 For each Phecode, a logistic regression model is created with the code as the outcome and the option to add covariates with odds ratios (ORs) and 95% confidence intervals (95% CIs) reported. For a code to be used in the model, there must be at least 20 cases with that code. 21 Analyses were performed using the PheWAS package 21 in R version 3.2.5. We performed PheWAS comparing SLE subjects with and without dsDNA, RNP, Smith, SSA and SSB autoantibodies, adjusting for current age and race/ethnicity. Race data was obtained from the EHR, which is a mixture of self-report and administrative entry. Prior studies have validated that these assignments represent self-report and genetic ancestry. 22 Due to the very low number of Hispanics (n ¼ 25) and Asians (n ¼ 30) in our SLE EHR cohort, we combined these subjects into a third race group in addition to Caucasians and African Americans. We adjusted for multiple hypothesis testing using a false discovery rate (FDR) of 0.05 and an unadjusted p < 0.05 for additional analyses. There were 374 testable phenotypes for dsDNA positive vs. negative PheWAS, 268 for RNP, 278 for Smith, 290 for SSA and 289 for SSB.
Autoantibody associations with SLE manifestations
We performed logistic regression to assess the impact of autoantibodies, age, sex and race on SLE disease criteria. 5 We assessed for differences in demographics in SLE patients with and without autoantibodies using the Mann-Whitney U test for continuous variables, as there were non-normal distributions in the data, and chi-square or Fisher's exact test for categorical variables. Two-sided p values < 0.05 were considered to indicate statistical significance. Analyses were conducted using IBM SPSS software, version 24.0 (SPSS).
Chart review
To examine the most significant findings for the PheWAS, notably the increased fibromyalgia (FM)-related codes in the antibody negative vs. positive SLE subjects, we performed chart review to ensure the antibody negative subjects were not FM cases mislabeled as SLE. We randomly selected 50 SLE subjects without any antibodies and 50 SLE subjects with at least one antibody. Chart review was conducted to ensure subjects were SLE cases, defined as a diagnosis by a specialist (rheumatologist, nephrologist or dermatologist). We also noted if subjects had FM diagnosed by a rheumatologist and collected ACR SLE criteria 5 if documented.
Results
Using our validated algorithm, we identified 1097 potential SLE subjects, who had been previously described. 20 By definition, all patients had a positive ANA ! 1:160. SLE subjects were predominantly female (90%) and Caucasian (65%) with a current mean age of 50 AE 17 years and mean age at first SLE ICD-9 code of 40 AE 17 years. On average, SLE subjects had 9 years of EHR follow-up. Of the 1097 subjects, 14 (1%) had 5 SLE-specific autoantibodies, 54 (5%) had 4, 65 (6%) had 3, 134 (12%) had 2, 439 (40%) had 1, 356 (32%) had none, and 35 (3%) had missing data.
PheWAS of dsDNA positive vs. negative SLE subjects SLE subjects with positive vs. negative dsDNA autoantibodies are shown in Table 1 . Of 1097 subjects, 521 had an ever positive dsDNA, 502 a negative dsDNA, and 74 had missing data. dsDNA positive vs. negative subjects were younger at time of analysis (47 AE 18 vs. 54 AE 16, p < 0.001) and at time of first SLE ICD-9 code (37 AE 17 vs. 43 AE 15, p < 0.001) and more likely to not be Caucasian (p < 0.001). There were no sex differences in positive vs. negative subjects (p ¼ 0.79). In the PheWAS comparing dsDNA positive vs. negative subjects adjusting for age and race, dsDNA positive subjects were more likely to be diagnosed with renal disease including nephritis (OR ¼ 4.60, 95% CI 2.97-7.14, In contrast, dsDNA negative subjects were more likely to have codes related to pain and sleep disorders including obstructive sleep apnea (OR ¼ 0.30, 95% CI 0.14-0.63, FDR p ¼ 0.02), back pain (OR ¼ 0.59, 95% CI 0.42-0.82, FDR p ¼ 0.03), and myalgia and myositis unspecified (OR ¼ 0.65, 95% CI 0.48-0.88, FDR p ¼ 0.05), which often represents patients diagnosed with fibromyalgia in our EHR 16 ( Figure 1 , Table 2 ).
PheWAS of RNP positive vs. negative subjects SLE subjects with positive vs. negative RNP autoantibodies are shown in Table 1 . Of 1097 subjects, 183 had a positive RNP, 489 negative and 425 with missing data. RNP positive vs. negative subjects were younger at time of analysis (41 AE 16 vs. 52 AE 16, p < 0.001) and at time of first SLE ICD-9 code (33 AE 15 vs. 43 AE 16, p < 0.001) and more likely to not be Caucasian (p < 0.001). There were no sex differences in positive vs. negative subjects (p ¼ 0.42). In the PheWAS comparing RNP positive vs. negative subjects adjusting for age and race, no codes met the FDR of 0.05. Fifteen codes met the unadjusted p < 0.05 (Supplemental Table 1 ).
The most significant code that was more common in RNP positive vs. negative subjects was chronic kidney disease (OR ¼ 2.51, 95% CI 1.25-5.01, p ¼ 0.009). Since renal disease was an unexpected finding, we adjusted for dsDNA status to determine if dsDNA was driving this finding. When the Phenome-wide association studies in SLE A Barnado et al.
PheWAS was adjusted for dsDNA, age and race, the most significant code was for inflammatory arthritis (OR ¼ 1.92, 95% CI 1.14-3.22, p ¼ 0.01). All codes that were significant in the PheWAS adjusted for age and race remained significant when adjusted for dsDNA (Supplemental Table 2 ). Similar to the dsDNA positive vs. negative PheWAS, RNP negative subjects were more likely to have codes for myalgia and myositis, unspecified (OR ¼ 0.58, 95% CI 0.36-0.93, p ¼ 0.02) and depression (OR ¼ 0.52, 95% CI 0.32-0.99, p ¼ 0.05).
PheWAS of Smith positive vs. negative subjects SLE subjects with positive vs. negative Smith antibodies are shown in Table 1 . Of 1097 subjects, 119 had a positive Smith, 568 negative and 410 with missing data. Smith positive vs. negative subjects were younger at time of analysis (42 AE 15 vs. 50 AE 17, p < 0.001) and at time of first SLE code (32 AE 14 vs. 42 AE 17, p < 0.001). All races/ethnicities were more likely to be Smith negative vs. Smith positive (p < 0.001). There were no sex differences in positive vs. negative subjects (p ¼ 0.32). In the PheWAS comparing Smith positive vs. negative subjects adjusting for age and race, no codes met the FDR of 0.05. Seventeen codes met the unadjusted p < 0.05 (Supplemental Table 3 ). The most significant code, more common in Smith positive vs. negative subjects, was ascites non-malignant (OR ¼ 4.18, 95% CI 1.64-10.69, p ¼ 0.003). Of these 21 subjects, all had ascites on chart review with 18/21 having nephritis and 8/21 having nephrotic range proteinuria. Other significant codes, more common in Smith positive subjects, were Figure 1 Increased renal disease in dsDNA positive SLE subjects and increased pain and sleep-related codes in dsDNA negative SLE subjects. The x axis represents the PheWAS codes that are mapped to ICD-9 codes, organized and color-coded by organ system. The y axis represents the level of significance. Each triangle represents a PheWAS code. dsDNA negative subjects are the reference group. Triangles pointing down represent codes more common in dsDNA negative subjects. Triangles that point up represent codes more common in dsDNA positive subjects. The PheWAS was adjusted for age and race/ethnicity, and the horizontal red line represents the false discovery rate (FDR) of 0.05. There were 42 codes that met the FDR of 0.05. dsDNA positive subjects had more codes related to renal disease and SLE disease criteria while dsDNA negative subjects had more codes related to sleep and pain disorders.
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related to nephritis and cardiac codes. When we adjusted for dsDNA in addition to age and race, cardiac codes, specifically multiple codes for arrhythmias, became more significant, while codes for nephritis were no longer significant (Supplemental Table 4 ).
PheWAS of SSA positive vs. negative subjects SLE subjects with positive SSA vs. negative antibodies are compared in Table 1 . Of 1097 subjects, 235 had a positive SSA, 523 negative and 339 with missing data. SSA positive vs. negative subjects were significantly younger at time of analysis (47 AE 17 vs. 50 AE 17, p ¼ 0.04) and at time of first SLE code (38 AE 17 vs. 40 AE 16, p ¼ 0.05). Asians and Hispanics were more likely to be SSA positive compared to African Americans and Caucasians (p < 0.001). There were no sex differences in positive vs. negative subjects (p ¼ 0.66). In the PheWAS comparing SSA positive vs. negative subjects adjusting for age and race, no codes met the FDR of 0.05. Twenty-seven codes met the unadjusted p < 0.05 (Supplemental Table 5 ). The most significant code, which was more common in SSA negative subjects, was disorders of lipid metabolism (OR ¼ 0.44, 95% CI 0.27-0.74, p ¼ 0.002). Similar to the dsDNA and RNP PheWAS, SSA negative subjects were more likely to have pain, mood and sleep disorder codes including cervicalgia, depression and obstructive sleep apnea.
PheWAS of SSB positive vs. negative subjects SLE subjects with positive SSB vs. negative antibodies are compared in Table 1 . Of 1097 subjects, 136 had a positive SSB, 609 negative and 352 with missing data. Of the subjects with a positive SSB, only 19 had a negative SSA. There were no significant differences in age at time of analysis (p ¼ 0.29), age at first SLE code (p ¼ 0.12) and sex (p ¼ 0.09) when comparing SSB positive vs. negative subjects. All race/ethnicity groups were more likely to be SSB negative (p < 0.004). In the PheWAS comparing SSB positive vs. negative subjects adjusting for race, no codes met the FDR of 0.05. Eight codes met the unadjusted p < 0.05 (Supplemental Table 6 ). The most significant code, more common in SSB negative subjects, was vitamin D deficiency (OR ¼ 0.38, 95% CI 0.18-0.78, p ¼ 0.008). Serositis codes including pericarditis and pleurisy/pleural effusion were more common in SSB positive subjects. Similar to the other PheWAS, SSB negative subjects were more likely to have a sleep disorder code.
Chart review
With the findings of increased FM-related code in the antibody negative vs. positive SLE subjects, we performed chart review of antibody negative and positive SLE subjects to ensure the antibody negative subjects were not FM cases mislabeled as SLE. Of the random 50 SLE subjects who were antibody negative, 44 were SLE cases as defined by a rheumatologist with 1 subject having cutaneous lupus and 5 with an uncertain SLE diagnosis. The majority of SLE subjects (59%) had 4 or more SLE ACR criteria 5 documented. Of the 44 SLE cases, 12 (27%) had a concomitant diagnosis of FM documented by a rheumatologist with an additional 3 having a possible diagnosis. None of the subjects was originally diagnosed as SLE and then called FM.
Of the random 50 SLE subjects with at least one positive antibody, 48 were SLE cases with 1 subject having mixed connective tissue disease and 1 subject with a questionable SLE diagnosis. Of the 48 SLE cases, 41 (85%) had 4 or more SLE criteria and 12 (25%) had a concomitant FM diagnosis with an additional 3 having a possible diagnosis. None of the 50 subjects were originally diagnosed as SLE and then called FM.
Autoantibody associations with SLE manifestations
In a logistic regression model for nephritis adjusting for sex, race, age and autoantibodies (dsDNA, RNP, Smith), dsDNA was significantly associated with nephritis (OR ¼ 3.27, 95% CI 2.01-5.32, p ¼ 1.98 Â 10 À6 ) along with age (OR ¼ 1.02, 95% CI 1.01-1.04, p ¼ 0.002) and African American race (OR ¼ 2.32, 95% CI 1.33-4.04, p ¼ 0.003) (Figure 2(a) ). In a model for chronic kidney disease (including acute and chronic renal failure, end stage disease and dialysis) adjusting for sex, race, age and autoantibodies, African American race (OR ¼ 2.43, 95% CI 1.49-3.98, p ¼ 3.8 Â 10 À4 ) and dsDNA (OR ¼ 1.96, 95% CI 1.30-2.96, p ¼ 0.001) were significantly associated with chronic kidney disease (Figure 2(b) ).
For a model using a code for either pericarditis or pleurisy/pleural effusion, adjusting for sex, race, age and autoantibodies (dsDNA, RNP, Smith, SSA, SSB), African American race (OR ¼ 4.45, 95% CI 0.79-4.16, p ¼ 2.4 Â 10 -6 ), dsDNA (OR ¼ 2.06, 95% CI 1.18-3.61, p ¼ 0.01) and SSB (OR ¼ 3.22, 95% CI 1.47-7.09, p ¼ 0.004) were all associated with serositis ( Figure 2(c) (Figure 2(d) ). For the above clinical associations, we examined if total number of autoantibodies or dsDNA were driving the findings. While controlling for total number of autoantibodies other than dsDNA, dsDNA, sex, race and age, dsDNA remained associated with the above SLE manifestations (Figure 3) . Lastly, we investigated if multiple codes that represent coronary artery disease (CAD) were associated with any of the autoantibodies. After adjusting for age, sex and race, none of the autoantibodies were associated with CAD (data not shown).
Discussion
This is the first study, to the best of our knowledge, that uses PheWAS to analyze differences in comorbidities based on autoantibody status in SLE. PheWAS comparing SLE patients with and without SLE-specific autoantibodies demonstrated that autoantibody negative vs. positive SLE patients were more likely to have codes for pain, mood and sleep disorders. While controlling for other autoantibodies, dsDNA was the most strongly associated with nephritis, chronic kidney disease and multiple ACR SLE criteria. 5 Ethnic minorities, particularly African Americans and Hispanics, are more likely to have SLE autoantibodies, specifically dsDNA and Smith, compared to Caucasians. 23 Our study agrees with these finding as our African Americans and Hispanics with SLE were more likely than Caucasians to be both dsDNA and Smith positive. Studies have also focused on which ACR SLE criteria 5 cluster with autoantibodies, notably dsDNA associating with renal disease. [1] [2] [3] [4] Our findings agree with these studies as dsDNA positive vs. negative subjects were more likely to have codes related to nephritis, thus validating PheWAS methodology in comparing SLE subjects in the EHR. We also uncovered that dsDNA positive subjects were more likely to have chronic kidney disease and endstage renal disease even after adjusting for race/ ethnicity.
After evaluating antibody positive vs. negative subjects using PheWAS, we performed logistic regression to assess the impact of multiple autoantibodies on SLE manifestations. We uncovered a hierarchy within SLE autoantibodies where dsDNA, after controlling for the other autoantibodies and race, remained independently associated with nephritis and chronic kidney disease. After controlling for race and other autoantibodies, dsDNA, along with SSB, were significantly associated with serositis and hematologic manifestations. The association of SSB with hematologic manifestations has been shown in two cohort studies. 24, 25 Further, dsDNA had a more significant impact than total number of autoantibodies on SLE manifestations. Studies have mainly examined the effect of one antibody on ACR SLE criteria 5 in univariate analyses. Our analysis is unique in assessing the effect of multiple antibodies and demographics. Our findings suggest that dsDNA, compared to other autoantibodies, may be the most relevant in assessing a patient's prognosis for major SLE manifestations.
In the PheWAS comparing antibody negative vs. positive subjects, antibody negative subjects were more likely to have codes for pain, mood and sleep disorders, including a code that corresponds to FM. These findings agree with a PheWAS in rheumatoid arthritis where seronegative compared to seropositive subjects were more likely to have codes for FM. 16 FM can coexist with SLE with Figure 2 Forest plots of logistic regression models for SLE criteria. Logistic regression models for nephritis (a), chronic kidney disease (including acute and chronic renal failure, end stage renal disease and dialysis) (b), serositis (including pericarditis and pleurisy/pleural effusion) (c), and hematologic criteria (thrombocytopenia, pancytopenia) (d) were created with covariates shown on the left. Odds ratios are across the bottom with horizontal lines depicting 95% confidence intervals. The reference group for gender was female and Caucasian for race.
FM prevalence rates from 22 to 33%. [26] [27] [28] [29] FM can be ''mislabeled'' as SLE, particularly in patients with a positive ANA. All the SLE subjects in this study were ANA positive. We hypothesized that autoantibody negative compared to positive SLE subjects may be more likely to have FM codes due to clinical uncertainty in the coding rheumatologist. Specifically, a rheumatologist may have doubt that the patient truly has a diagnosis of SLE without the more specific autoantibodies and then codes for alternative diagnoses such as FM. Alternatively, FM could be the diagnosis in some Figure 3 Forest plots of logistic regression models for SLE criteria with total number of autoantibodies. Logistic regression models for nephritis (a), chronic kidney disease (including acute and chronic renal failure, end stage renal disease and dialysis) (b), serositis (including pericarditis and pleurisy/pleural effusion) (c), and hematologic criteria (thrombocytopenia, pancytopenia) (d) were created with covariates shown on the left. Total -dsDNA denotes total number of autoantibodies (RNP, Smith, SSA, SSB) not including dsDNA. Odds ratios are across the bottom with horizontal lines depicting 95% confidence intervals. The reference group for gender was female and Caucasian for race. of the autoantibody negative subjects. We thus performed chart review on subjects who were antibody negative to ensure they had a SLE diagnosis. Of SLE cases who were antibody negative, the majority (59%) had four or more ACR SLE criteria 5 documented. This rate was higher at 85% in the antibody positive SLE cases. This difference in number of ACR SLE criteria 5 could suggest more doubt in the SLE diagnosis in the antibody negative vs. positive subjects, which could affect coding patterns. Alternatively, physicians may not frequently review and document ACR SLE criteria at every visit unless this information is updated in a problem list. On chart review, problem lists rarely included ACR SLE criteria, demonstrating a limitation in collecting ACR SLE criteria from EHR data. Notably on chart review, none of the antibody-negative SLE cases were primary FM cases or cases where the rheumatologist initially diagnosed SLE and then changed the diagnosis to FM. These results demonstrate that FM was comorbid with SLE and not an alternative diagnosis.
In addition to FM, antibody negative SLE subjects had more codes for mood and sleep disorders. Increased rates of depression and sleep disorders, 30 particularly obstructive sleep apnea, [30] [31] [32] have been described in SLE with studies reporting sleep disturbances between 56% and 80%. 30, [33] [34] [35] [36] For the antibody positive subjects, we found the expected renal associations with dsDNA and Smith. We did not find, however, the expected clinical associations of myositis and interstitial lung disease for RNP and sicca and photosensitivity for SSA and SSB. We hypothesize that this lack of association may be related to a lower power to detect these associations. For RNP, SSA and SSB, we had fewer subjects (136-235) and more missing data (339-425) in contrast to 521 subjects with a positive dsDNA and 74 with missing data. This increased missingness is likely due to an older ANA reflex testing protocol. In addition, the lack of association could be due to limitations in the PheWAS methodology. PheWAS relies on billing codes, which are used differently by providers. For example, one rheumatologist may only code SLE and not code manifestations such as rash as separate codes. In contrast, another provider may use the code for SLE but also code additionally for manifestations. This inconsistency in coding may partly explain why specific manifestations were not found in the RNP, SSA and SSB subjects. Further, some SLE manifestations such as photosensitivity are not accurately captured by a specific ICD-9 code. Lastly, the clinical associations for these antibodies rely on older, small cohort studies with 100 or fewer subjects. [37] [38] [39] [40] [41] These studies may not have been adequately powered to identify differences in patients with and without autoantibodies.
While PheWAS confirmed both known associations with autoantibodies and captured novel associations with antibody negative SLE subjects, there are limitations to our study. We used a validated algorithm to identify SLE patients with a positive predictive value of 89%. Although this algorithm has strong test characteristics, there is a possibility that some of our SLE patients may not have an SLE diagnosis. Another limitation of the EHR data is that disease activity and damage measures are not routinely collected in clinical practice in contrast to prospective cohort studies. Thus, we cannot adjust for disease activity or damage in PheWAS. Currently, there are no published EHRbased algorithms that assess for disease activity or damage in autoimmune diseases. Our future directions include developing these algorithms in SLE. Next, Phecodes only capture billing codes at VUMC. Patients can receive care in multiple systems, which may not be documented in the VUMC EHR. These potential missed diagnoses, however, would generally bias us to the null result. Lastly, our study was performed using a single institution's EHRs, potentially limiting generalizability of our results to other groups of SLE patients. Using an EHR-based cohort to study SLE, however, captures a wider net of SLE patients in the health system. This methodology allows a unique data capture that may not be feasible in both cohort and administrative database studies.
Using PheWAS, we uncovered a hierarchy of autoantibodies where dsDNA, compared to other autoantibodies, was strongly associated with major organ involvement in SLE. SLE is a heterogeneous disease that poses significant diagnostic and treatment challenges. PheWAS serves as a novel EHR-based tool to better understand disease heterogeneity in SLE by identifying important comorbidities in subgroups of SLE patients.
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